Olfactory sensory neurons (OSNs) expressing a given odorant receptor (OR) gene project their axons to a few specific glomeruli that reside at recognizable locations in the olfactory bulb. Connecting ϳ1000 populations of OSNs to the ϳ1800 glomeruli of the mouse bulb poses a formidable wiring problem. Additional progress in understanding the mechanisms of neuronal connectivity is dependent on knowing how these axonal pathways are organized and how they form during development. Here we have applied a genetic approach to this problem. We have constructed by gene targeting novel strains of mice in which either all OSNs or those that express a specific OR gene, M72 or M71, also produce green fluorescent protein (GFP) or a fusion of tau with GFP. We visualized OSNs and their axons in whole mounts with two-photon laser scanning microscopy. The main conclusion we draw from the three-dimensional reconstructions is the high degree of morphological variability of mature glomeruli receiving axonal input from OR-expressing OSNs and of the pathways taken by the axons to those glomeruli. We also observe that axons of OR-expressing OSNs do not innervate nearby glomeruli in mature mice. Postnatally, a tangle of axons from M72-expressing OSNs occupies a large surface area of the bulb and coalesces abruptly into a protoglomerulus at a reproducible stage of development. These results differ in several aspects from those reported for the development of glomeruli receiving input from OSNs expressing the P2 OR, suggesting the need for a more systematic examination of OR-specific glomeruli.
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Neurons must make, from an immense array of options, specific choices of where to project their axons and where to form synapses with other neurons. Historically, sensory systems have provided many of our insights into the wiring of the brain because of their accessibility and well characterized, orderly projections. The cloning of odorant receptor (OR) genes (Buck and Axel, 1991; Mombaerts, 1999) has provided powerful new tools to study the mechanisms of axon guidance in the olfactory system (Mombaerts, 2001) .
Odorants interact with ORs on the surface of olfactory sensory neurons (OSNs). The OR repertoire is encoded by the largest mammalian gene family, comprising as many as 1000 genes in mouse and rat (Mombaerts, 1999a,b) and human (Mombaerts, 2000) . An individual OSN expresses most likely a single OR gene (Malnic et al., 1999) . OSNs expressing a given OR are segregated within one of four zones of the olfactory epithelium, where they are interspersed with OSNs expressing other ORs (Ressler et al., 1993; Vassar et al., 1993) . OSNs expressing a given OR project their axons to a few specific glomeruli in the olfactory bulb (Ressler et al., 1994; Vassar et al., 1994; Mombaerts et al., 1996a) of ϳ1800 choices (Royet et al., 1988) . Glomerular convergence at the single-axon level was first demonstrated for P2-expressing OSNs in gene-targeted mice (Mombaerts et al., 1996a,b) , in which their axons can be stained selectively by virtue of the coupling of P2 expression to that of the axonal marker taulacZ (Callahan and Thomas, 1994) .
The wiring of the mammalian olfactory system may follow different principles than that of other model systems such as moth (Oland and Tolbert, 1996) and zebrafish (Dynes and Ngai, 1998) because of its much greater numerical complexity. Classic studies of rat (Valverde et al., 1992; Bailey et al., 1999; Treloar et al., 1999) , opossum (Malun and Brunjes, 1986) , and mouse (LaMantia and Purves, 1989; LaMantia et al., 1992; Puche and Shipley, 2001 ) described randomly chosen glomeruli, because the tools to study OR-specific glomeruli were not available. In a study of P2-IRES-taulacZ mice (Royal and Key, 1999) , axonal targeting to a specific site in the bulb was observed as early as embryonic day 15.5, and the P2 glomeruli were reported to emerge slowly, via a process that involves some errors in axonal pathfinding. However, because P2-expressing OSNs represent 1 of ϳ1000 OSN subsets, it remains to be determined whether this scenario pertains to other OSN populations expressing different ORs. Indeed, pronounced differences have been observed between populations of OSNs; for instance, we reported (Zheng et al., 2000) that disruption of cyclic nucleotide-gated channel function has a differential impact on P2 glomeruli (apparently normal) and M72 glomeruli (dispersed).
Here, we examine the structure and emergence of OR-specific glomeruli with two-photon laser scanning microscopy. We observe a high degree of morphological variability in mature M72 and M71 glomeruli and their axonal plexuses. Few or no axons are misrouted to nearby glomeruli in mature mice. M72 glomeruli form abruptly at a reproducible developmental stage.
MATERIALS AND METHODS
Targeted mutations. To construct the OMP-GFP-targeting vector, a GFP/ LTNL cassette was inserted into a generic OMP-targeting vector (Mombaerts et al., 1996a) . The version of green fluorescent protein (GFP) used was enhanced GFP-1 (C lontech, C ambridge, UK). The targeted mutation in the olfactory marker protein (OMP) locus was obtained in the embryonic stem cell line E14 (Hooper et al., 1987) at high frequency. The neo-selectable marker was subsequently removed from clone M55 by transient expression of the site-specific recombinase Cre and negative selection with ganciclovir against herpes simplex virus-thymidine kinase (HSV-tk) expression. C lone M55/Cre7 was injected into C57BL /6 blastocysts; germ line transmission was obtained; and heterozygous and homozygous OMP-GFP mice (strain M55/Cre7) were produced. Mice were in a mixed 129 ϫ C57BL /6 background. C are of mice was in accordance with institutional guidelines.
The M72 gene was identified by us as a homolog of the mouse M71 OR gene (Ressler et al., 1994) . A phage library, derived from mice of the 129/Sv strain, was screened and yielded clones from which various restriction fragments were subcloned. A PacI restriction site was engineered three nucleotides downstream of the stop codon of M72 by recombinant PCR, and an IR ES-tauGFP-LNL cassette was inserted in that site. Homologous recombination at the M72 locus was achieved at high frequency. C lone T15 was used to generate germ line chimeras. The loxP-flanked neo-selectable marker was removed from the targeted mutation by crossing heterozygous mice with transgenic mice expressing the Cre recombinase ubiquitously (Lakso et al., 1996) and back-crossed multiple times to C57BL /6 mice. The Cre transgene was subsequently removed from the strain by outbreeding, yielding strain T15/ loxP. Similar results were obtained with strain T41/Cre37, carrying originally an M72-IR ES-tauGFP-LTNL mutation, from which subsequently the tk-neo gene was removed by Cre-mediated excision in embryonic stem cells. Mice were in a mixed 129 ϫ C57BL /6 background.
The M71 gene (Ressler et al., 1994) was modified by targeted insertion of an IR ES-tauGFP-LTNL cassette (Rodriguez et al., 1999) , similar to the construction of the M72-IR ES-tauGFP mutation.
Specimen preparation and imag ing. Mice were killed by cervical dislocation and dissected under a stereomicroscope. The mice were decapitated, and the lower jaw was removed. For imaging of the olfactory epithelium with the upright two-photon microscope, the head was bisected along the midline, and half of a head was placed in a 60 mm dish with the eye down and immobilized using dental wax. For imaging of the olfactory bulb, the dissected head was stabilized dorsal side-up in a dish. Artificial C SF (125 mm NaC l, 2.5 mM KC l, 1 mM MgC l 2 , 2 mM CaCl 2 , 1.25 mM NaH 2 PO 4 , 26 mM NaHC O 3 , 25 mM glucose, and 5 mg /ml phenol red, gassed with 95% O 2 and 5% C O 2 ) flooded the tissues and was replaced every 30 min. Areas of interest in the bulb were identified with a low-power objective under epifluorescence illumination by a tungsten lamp. Laser scanning was performed with 25ϫ, 0.8 numerical aperture or 40ϫ, 0.75 numerical aperture Z eiss (Thornwood, N Y) Plan-Neofluar water immersion lenses (0.8 and 0.5 m pixel size, respectively). All images shown here were produced with the 40ϫ lens and measured 256 m across. Images were obtained as early as 10 min after killing the mouse and as late as after 4 hr without apparent degeneration of the structures or decrease of the intensity of the fluorescence. This method of dissecting and positioning the head ensures that imaging is performed from a comparable perspective between different specimens. Another advantage of the nasal-attached whole-mount preparation is that there may be less damage, because axons remain intact from epithelium to bulb.
Our analysis focused on the major, primary M72 glomeruli and not on the smaller, additional M72 glomeruli that are occasionally observed (Z heng et al., 2000) . PD1 is defined as the day on which the pups were found to be born, PD2 as the next day, and so on.
The two-photon laser scanning microscopy (TPL SM) setup, a converted Molecular Dynamics (Sunny vale, CA) Sarastro 2000 confocal laser scanning microscope, has been described in detail previously Potter, 2000) . We substituted the laser of the confocal microscope with a tunable Ti-sapphire laser (Coherent Mira 900), pumped by a solid-state Coherent Verdi laser. E xcitation was at 850 -900 nm. Images were acquired using a Silicon Graphics Indigo computer. Data were 3 ϫ 3 median-filtered; this type of filtering has the least blurring effect of available filters. Images were then projected using ImageSpace software (Molecular Dynamics) on a Silicon Graphics O 2 computer. Images were colorized on a Macintosh computer (Apple, Cupertino, CA) with Adobe (Mountain View, CA) Photoshop 5. MacVol (http://strout.net /macsoft /macvol) was used to produce surface renderings.
RESULTS

The OMP-GFP mouse
To overcome limitations in sensitivity and resolution of the axonal marker taulacZ, we developed a new method for imaging specific neuronal populations in unfixed, acutely dissected specimens. This approach is based on GFP (Chalfie et al., 1994; Tsien, 1998) and TPLSM (Denk et al., 1990; Denk and Svoboda, 1997) . Constructs based on the coding sequence of GFP or the many variants that have now been engineered allow cells to produce their own, genetically encoded, fluorescent label. TPLSM enables repeated three-dimensional imaging of thick, live biological specimens (Potter, 1996; Potter et al., 1996) . With this technology, it is possible to excite selectively a single focal plane even within highly scattering tissues and to collect the fluorescent signals far more efficiently and with much less damage to fluorophores and tissues than with confocal or wide-field fluorescence microscopy.
We first tested the performance of GFP (without fusion to tau) and TPLSM in the mouse olfactory system by constructing a gene-targeted mouse strain in which GFP is expressed from the locus encoding OMP (Fig. 1 A) . OMP is expressed at high levels and selectively in mature OSNs (Margolis, 1972) ; its function remains enigmatic. In OMP-taulacZ mice, all OSNs including their axons and axon terminals can be stained intensely blue with 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside, providing an overview of the anatomy of the mouse olfactory system (Mombaerts et al., 1996a). We thus followed the same strategy using GFP and TPLSM. In OMP-GFP mice, GFP is expressed in abundance in OSNs within the epithelium ( Fig. 2 A-D) ; individual cellular components are clearly visible. GFP labels the OSN axons down to their terminals within the glomeruli of the bulb (Fig. 3A,B) . The intense fluorescence can be detected in the nasal cavity and the bulb with an epifluorescence stereomicroscope, even through the skull of an adult mouse.
TPLSM whole-mount imaging of the olfactory epithelium covering the turbinates demonstrates both the dramatic images resulting from this technique and the organization of the OSNs in the periphery. Clear images of individual dendritic knobs, individual cell bodies, individual axons, and axon bundles are obtained in successive optical sections ( Fig. 2 E-H) . In section series, individual OSNs can be followed in their entirety, demonstrating unambiguously that the TPLSM technique provides single-axon detection of OSNs at the level of the epithelium (animation 1, available at www.jneurosci.org).
TPLSM optical sections of the olfactory bulb reveal the glomeruli at different levels as globose structures of widely varying shapes and sizes (Fig. 3C,D) . This is best appreciated in successive sections of a series (animations 2 and 3, available at www.jneurosci. org). Superficial to the glomerular layer is a dense network of ribbon-like fascicles of axons resembling a woven basket but without obvious direction or organization (Fig. 3C) ; this has been termed "feltwork" (Ramón y Cajal, 1911) . At adult stages (animation 2, available at www.jneurosci.org), the nerve fiber layer is considerably more organized than in younger mice (animation 3, available at www.jneurosci.org). The complexity of the outer nerve layer underscores the challenges faced by OSN axons in navigating from the epithelium to their glomerular targets in the bulb.
The M72-IRES-tauGFP mouse
To visualize glomeruli and axonal plexuses specific for a particular OR, we next generated a strain of mice expressing tauGFP from a specific OR locus. We chose the M72 OR gene primarily because the M72 glomeruli map to the dorsal surface of the olfactory bulb (Zheng et al., 2000) , an area that is readily accessible for anatomical and physiological investigations. tauGFP was used because fusion of GFP to tau enhances axonal decoration (Brand, 1995; our unpublished observations) . The M72-IREStauGFP strain (Fig. 1 B,C) was generated by targeted mutagenesis using an IRES-tauGFP cassette . In histological sections of the epithelium, sporadic green fluorescent cells are observed throughout the appropriate zone (data not When a neuron chooses, by an unknown process, the mutant M72-IRES-tauGFP allele for expression, a bicistronic transcript is produced in the nucleus that is exported to the cytoplasm. Ribosomes translate two polypeptides from this message: the M72 OR protein (a 7-transmembrane protein) and the tauGFP fusion protein (a fluorescent axonal marker). Cotranslation of both the receptor and the reporter is mediated by the IRES sequence. The M72 OR protein is targeted to the plasma membrane. The tauGFP marker binds to microtubules, which are present abundantly in axons and axon terminals. Figure 2 . Olfactory epithelium of OMP-GFP mice. A, Medial whole-mount view of a half-head of an adult mouse. Olfactory epithelium (left) and olfactory bulb (right) are intensely fluorescent. Images were photographed using an epifluorescence stereomicroscope (Leitz MZ12; Leitz, Stuttgart, Germany). Image width, 6 mm. B, Close-up whole-mount view of the olfactory epithelium. Green dots represent OSNs; dark areas correspond to the non-GFP-expressing supporting cells. Images were photographed using a Leitz MZ12 stereomicroscope. Image width, ϳ1 mm. C, Low-power view of a histological section through the nose. Green fluorescent OSNs line the convoluted surface of the turbinates. Their axons are assembled in bundles underneath the epithelium. Images were photographed using an epifluorescence wide-field microscope (Zeiss Axioplan 2). (Figure legend continues.) shown). In whole-mount epifluorescence microscopy, the major M72 glomeruli are visible typically as a pair of green fluorescent structures residing at recognizable, bilaterally symmetric positions in the medial and lateral hemispheres of the bulb (Fig.  4 A,B) . This pattern is also observed typically in mice with a targeted M72-IRES-taulacZ mutation (Zheng et al., 2000) ; furthermore, axons of M72-IRES-taulacZ-expressing OSNs coconverge with those of M72-IRES-tauGFP-expressing OSNs to the same glomeruli (data not shown).
For TPLSM studies of mature mice, we imaged a set of 14 glomeruli and axonal plexuses in the lateral hemisphere from 10 M72-IRES-tauGFP mice at postnatal day 18 (PD18) or older. Imaging an entire glomerulus requires collecting a series of optical sections of ϳ250 m across and 100 -200 m in depth; this depth exceeds the capabilities of confocal laser scanning microscopy. In section series, incoming fibers can be traced in three dimensions (animation 4, available at www.jneurosci.org). Threedimensional stereo projections reveal a remarkable degree of morphological variability of the axonal plexus that converges on an M72 glomerulus (Figs. 4C-E, 5; animations 5-8, available at www.jneurosci.org). The network of anastomosing and interlacing fibers approaches the glomeruli in a seemingly random but directed manner. Some M72 glomeruli receive their axonal input in the form of a very few fascicles, which become thicker as they approach the glomerulus (Fig. 4C,D ; animations 5 and 6, available at www.jneurosci.org). Others are innervated by multiple smaller fascicles that converge from all directions onto a common target (Figs. 4 E, 5; animation 7, available at www.jneurosci.org). Labeled fibers frequently approach the glomerulus along a contorted path or loop back after bypassing the glomerulus (Fig. 5D,F ; animation 8, available at www.jneurosci.org). Many of these fibers appear similar in intensity and size to the single axons seen emerging from OSN cell bodies (Fig. 2G) . Similarly, the M72 glomeruli display extensive phenotypic variability. No two reconstructions look alike, even within an individual mouse, as exemplified by reconstructions of the right ( Fig. 4C ; animation 5, available at www.jneurosci.org) and left (Fig. 4 D; animation 6, available at www.jneurosci.org) lateral glomeruli of the same mouse. The variability seen between the bulbs of a single mouse argues against differences in genetic background or sensory experience causing the observed polymorphism.
Our initial imaging of P2 glomeruli in mature P2-IRES-taulacZ mice led us to suggest that all axons from OSNs expressing a given OR terminate within a few specific glomeruli (Mombaerts et al., 1996a) . It was subsequently reported that during development but not in adulthood, some axons do not target properly (Royal and Key, 1999) . The improved quality of the images of M72 glomeruli and axonal plexuses provided by TPLSM permit us to confirm and extend, with a greater degree of certainty, that no axons of M72-expressing OSNs in mature mice terminate in glomeruli within a radius of a few glomeruli from the M72 glomeruli; axonal convergence is extremely precise at PD18. This can be verified by tracing the smallest fibers in section series and in rotating or rocking animations of three-dimensional reconstructions of mature M72 glomeruli (animations 4 -8, available at www.jneurosci.org). Because individual axons are easily detectable in the epithelium with TPLSM ( Fig. 2G ) and can be seen emanating from cell bodies in section series (animation 1, available at www.jneurosci.org), we are confident that we would have seen misrouted axons in mature mice had they existed.
Phenotypic variability of M71 glomeruli
To support our findings of the variable morphology of ORspecific axonal plexuses and glomeruli, we performed TPLSM analysis on another strain of gene-targeted mice carrying a M71-IRES-tauGFP mutation (T. Bozza, P. Feinstein, C. Zheng, and P. Mombaerts, unpublished results). Figure 6 shows that, likewise, mature M71 glomeruli and axonal plexuses vary enormously in their morphological appearance. Thus, it is likely that phenotypic variability of OR-specific glomeruli is the rule rather than the exception across the glomerular array.
Development of M72 glomeruli
We performed a time course analysis of at least seven lateral glomeruli for each of the first 5 postnatal days in M72-IREStauGFP mice; the total data set is Ͼ50 glomeruli. A representative time course from PD1 to PD4 is shown in Figure 7 , and examples of nascent M72 glomeruli imaged in both bulbs of the same individuals are shown in Figure 8 . During PD1, a tangle of GFP-labeled fibers occupies a disproportionally large surface area (150 ϫ 150 m) of the dorsal region of the bulb. This tangle has no discernable organization or structure. During PD2, thickenings become apparent that may correspond to initiating condensations of axons. A protoglomerulus emerges in most cases between the end of PD2 and the beginning of PD3, with a distinct core that is ϳ35 m in diameter. At PD4 and PD5, the nuclear structure is more elaborate and starts to resemble the configuration of a mature glomerulus. Although this was not a detailed study to determine whether misrouted axons transiently innervate neighboring glomeruli or whether they overshoot the glomerular layer, such errors in navigation do not appear to be a major part of the formation of M72 glomeruli. Thus, the M72 glomeruli coalesce rapidly in a highly timed manner from an apparently random tangle of axons.
DISCUSSION
Development of the olfactory system
Our morphological studies may exclude certain mechanistic principles of axon guidance, which operate in other model systems (Tessier-Lavigne and Goodman, 1996) . First, because axons extend several millimeters and specifically target to a reproducible set of glomeruli located at recognizable positions, arriving from widely dispersed areas in the bulb with varying degrees of fasciculation, it is unlikely that pathfinding relies on a small number of "pioneer" axons. Second, the apparent randomness of the fascicles suggest that selective fasciculation of axons expressing the same OR is not a determinant of axon guidance, at least not in the early stages of development. Third, the variability, heterogeneity, and apparent randomness of the axonal plexuses make it difficult to imagine that guidepost cells or "stepping stones" lead olfactory axons to their targets in the bulb. What mechanisms then do these axons use to navigate to their target with such exquisite precision and reproducibility? Perhaps a hierarchically organized set of guidance molecules instructs the navigation of individual growth cones to a restricted area of the surface of the bulb. The images provided here, and in a related study documenting the development of P2 glomeruli (Royal and Key, 1999) , allow us to infer two alternative scenarios for the final phase of target selection. Axons appear to be drawn in the vicinity of a specific site, resulting in a variable and heterogeneous axonal plexus. One interpretation is that soluble cues emanate from sites in the bulb, attracting individual axons from a distance independent of their entry point to the restricted area of the surface of the bulb ("chemotropic model"). In another scenario, growth cones sample the restricted area of the surface of the bulb until they arrive at their appropriate destination ("random search model"). In either case, the tight correlation between the nature of the expressed OR and the location of the glomerulus in the bulb supports the hypothesis that final target selection involves the ORs themselves. Indeed, results from genetic experiments have put forward the notion that the OR is intimately involved in the guidance process (Mombaerts et al., 1996a; Wang et al., 1998) . The nature of the guidance mechanisms may relate to the convergence on a common target from an apparent random distribution in the periphery and to the persistence of neurogenesis throughout life: individual OSNs are continuously born in mature animals and must connect to the OR-specific glomeruli to preserve the constancy of the glomerular map (Gogos et al., 2000) .
Our findings offer clear evidence of the accuracy and timing of patterning in the olfactory system and provide the needed backdrop for a future step of the analysis; we expect that dynamic information provided by time-lapse two-photon microscopy (Potter, 2000) of mice at embryonic and postnatal stages will be even more fruitful in formulating models of axon guidance. For instance, four-dimensional imaging will allow us to evaluate to which extent axonal exuberance followed by pruning contributes to glomerular development (Klenoff and Greer, 1998) .
Heterogeneity in the olfactory system
A detailed morphological description of the development of P2 glomeruli has been reported (Royal and Key, 1999) : confocal laser scanning microscopy was applied on histological sections of P2-IRES-taulacZ mice (Mombaerts et al., 1996a) to image P2 glomeruli during development and in adult mice after staining with anti-␤-galactosidase antibodies. An earlier time course for the development of P2 glomeruli was observed: glomerular structures can be discerned perinatally. This is consistent with the known asynchrony in glomerular development: in rat, a distinct rostral-to-caudal temporal gradient of glomerular development has been described previously (Bailey et al., 1999) , such that morphological stages observable in the rostral-most region precede those in the caudal-most region by up to 4 d. Because M72 and M71 glomeruli are located much more caudally than P2 glomeruli, it is perhaps not surprising that their development lags behind that of P2 glomeruli.
Another manifestation of heterogeneity is the differential impact on P2 and M72 glomeruli by targeted disruption of a cyclic nucleotide-gated channel subunit, which is essential for olfactory signal transduction. Although P2 glomeruli form apparently normally (Lin et al., 2000; Zheng et al., 2000) , M72 glomeruli do not (Zheng et al., 2000) . This may be related to temporal differences in the development of P2 and M72 glomeruli. Similarly, the developmental scenario of P2 glomeruli (Royal and Key, 1999) differs in at least three more aspects from our observations. First, the axonal tangle of P2-expressing OSNs appears early in development to occupy a more confined area than that of M72-expressing OSNs. Second, P2 glomeruli emerge gradually over several days, which is slower and less abrupt than the PD2-PD3 transition that we observe typically for M72 glomeruli. Third, interconnected pairs of developing glomeruli resulting in doublets at adult stages are frequently observed for P2 glomeruli, at least by this group (Royal and Key, 1999) . Although we have observed additional smaller M72 glomeruli (Zheng et al., 2000) , we have no evidence that they are interconnected. 
Glomerular convergence in the olfactory system
It is now well established that populations of OSNs expressing a specific OR project their axons to specific glomeruli. The genetic strategy of tagging OR genes with IRES-taulacZ or IRES-tauGFP provided direct evidence for the principle of axonal convergence at the single-axon level (Mombaerts et al., 1996a) . This approach has been applied in total to eight OR genes: P2 (Mombaerts et al., 1996a) , M72 (Z heng et al., 2000) , mOR37A, mOR37B, and mOR37C , MOL2.3 , MOR28 (Serizawa et al., 2000) , and M71 (this study). The common observation is that most, if not all, axons of OSNs expressing a specific OR project to a small number of glomeruli; in mature mice, misrouted axons are rare. T ypically convergence occurs on one or a few glomeruli in each hemisphere of the bulb, thus at least four glomeruli per mouse. E xceptions are the mOR37 genes, which correspond typically to one glomerulus per bulb . Additional glomeruli are often seen, but the number of labeled glomeruli in P2-IR ES-taulacZ mice varies among laboratories (Mombaerts et al., 1996a; Royal and Key, 1999; Costanzo, 2000; Lin et al., 2000; Z heng et al., 2000; Schaefer et al., 2001) , possibly reflecting genetic drift of the strain, variations in the odorous environment of animal facilities or methodological differences.
The wealth of available strains with targeted mutations of the type OR-IRES-tau (marker) is in contrast with the lack of detailed information about the organization and development of plexuses and glomeruli, acquired with advanced imaging techniques. This study provides three-dimensional reconstructions of OR-specific glomeruli and applies TPLSM to this objective. The images provide a much better appreciation of the idiosyncratic morphology of OR-specific glomeruli and their plexuses. It would be informative to apply TPLSM combining GFP detection of OSN axons with immunofluorescence for markers of the other cellular components (mitral and tufted cells, radial glia and astrocytes, and juxtaglomerular neurons), as described in other imaging studies of glomeruli (Bailey et al., 1999; Treloar et al., 1999) . 
A genetic approach to neuroanatomy
Targeted integration of an IRES-tauGFP cassette ensures correct spatiotemporal regulation of marker expression without the need to know the regulatory elements that control expression of the target gene. An additional rationale for using an IRES strategy (Mombaerts, 1996) is monoallelic expression of OR genes (Chess et al., 1994) . A red fluorescent protein has been characterized in another marine species (Matz et al., 1999) . New tools pave the way for multicolor imaging of distinct neuronal populations within the same genetically engineered mouse (Feng et al., 2000) .
TPLSM is the preferred method for repeated threedimensional imaging of thick, unfixed, optically scattering biological specimens (Denk et al., 1990; Denk and Svoboda, 1997; Potter, 2000) . GFP expression lends itself very well to imaging by TPLSM . We have shown here that imaging olfactory glomeruli in whole-mount specimens of mice is well suited to TPLSM. The signal from a single GFP-labeled axon can be detected unambiguously by TPLSM using light that is below the threshold for phototoxic effects. The size of the glomeruli (ϳ80 m) and their depth from the surface (ϳ200 m) necessitates the use of TPLSM, because these dimensions exceed the capabilities of confocal laser scanning microscopy. The images presented in this study, with two exceptions (Fig. 2C,D) , were derived from unfixed, acutely dissected whole-mount specimens of neonatal and mature mice and not from histological sections.
Conclusion
The emerging realization of heterogeneity suggests the need for a more systematic examination of OR-specific glomeruli. This has become feasible by the generation of gene-targeted strains of mice with mutations of the OR-IRES-marker type in any of several OR genes (Mombaerts et al., 1996a; Conzelmann et al., 2000; Serizawa et al., 2000; Strotmann et al., 2000; Zheng et al. 2000 ; this study). Thus, although the heterogeneity and complexity of the olfactory system have precluded a systematic analysis in the past, new approaches solve these challenges by selective imaging of a single OR-specific population of OSNs. 
